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A bs tr ac t

Background

The molecular cause of inflammatory bowel disease is largely unknown.

Methods

We performed genetic-linkage analysis and candidate-gene sequencing on samples 
from two unrelated consanguineous families with children who were affected by 
early-onset inflammatory bowel disease. We screened six additional patients with 
early-onset colitis for mutations in two candidate genes and carried out functional 
assays in patients’ peripheral-blood mononuclear cells. We performed an alloge-
neic hematopoietic stem-cell transplantation in one patient.

Results

In four of nine patients with early-onset colitis, we identified three distinct homozy-
gous mutations in genes IL10RA and IL10RB, encoding the IL10R1 and IL10R2 pro-
teins, respectively, which form a heterotetramer to make up the interleukin-10 recep-
tor. The mutations abrogate interleukin-10–induced signaling, as shown by deficient 
STAT3 (signal transducer and activator of transcription 3) phosphorylation on stimu-
lation with interleukin-10. Consistent with this observation was the increased secre-
tion of tumor necrosis factor α and other proinflammatory cytokines from peripheral-
blood mononuclear cells from patients who were deficient in IL10R subunit proteins, 
suggesting that interleukin-10–dependent “negative feedback” regulation is disrupted 
in these cells. The allogeneic stem-cell transplantation performed in one patient 
was successful.

Conclusions

Mutations in genes encoding the IL10R subunit proteins were found in patients with 
early-onset enterocolitis, involving hyperinflammatory immune responses in the 
intestine. Allogeneic stem-cell transplantation resulted in disease remission in one 
patient.
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Inflammatory bowel disease is a het-
erogeneous group of disorders, classified as 
Crohn’s disease, ulcerative colitis, and indeter-

minate colitis.1,2 In most patients, these disor-
ders are manifested in adolescence or adulthood; 
however, they may present in infancy and may be 
inherited as an autosomal recessive trait.3-6

The genetic causes of inflammatory bowel 
disease are only partly understood. Studies in 
transgenic murine models7 and genomewide 
genetic-linkage and association studies have pro-
vided insights into the genetic complexity under-
lying these inflammatory conditions.8 Investiga-
tors using these approaches have implicated 
several genes in the pathogenesis of inflamma-
tory bowel disease; the identity of these genes 
suggests that disruption of the innate and adap-
tive arms of the immune system,9-11 the process 
of autophagy,12,13 epithelial barrier function,14 
and activation of the endoplasmic reticulum 
stress response15 may cause susceptibility. How-
ever, the functional relevance of most of these 
susceptibility genes is unclear. An alternative 
approach to identifying disease-causing genes is 
to study families in which inflammatory bowel 
disease is inherited as a potentially monogenic 
trait and to identify the relevant gene by posi-
tional cloning.

Interleukin-10 restricts excessive immune re-
sponses.16 Initially, it was described as a soluble 
factor that is released by type 2 helper T cells and 
that inhibits the secretion of type 1 helper T cyto-
kines, such as interleukin-2 and interferon-γ.17 
Interleukin-10 is secreted by a wide variety of cells 
and has pleiotropic effects on T cells, B cells, 
myeloid cells, and other cell types.16 In particular, 
interleukin-10 limits the secretion of proinflam-
matory cytokines, such as tumor necrosis factor α 
(TNF-α) and interleukin-12.18 The receptor for 
interleukin-10 consists of two alpha molecules 
(IL10R1) and two beta molecules (IL10R2).19 Al-
though IL10R1 is specific to the interleukin-10 
receptor, IL10R2 is a subunit of the receptors for 
several additional cytokines (e.g., interleukin-22 
and interleukin-26).20 The assembly of this hetero-
tetrameric interleukin-10 receptor results in the 
activation of the receptor-associated Janus tyro-
sine kinases, JAK1 and Tyk2, resulting in the 
phosphorylation of STAT3 (signal transducer and 
activator of transcription 3) and the induction of 
STAT3-dependent genes.21-25

Mice that are deficient in either interleukin-10 

or interleukin-10 receptor 2 have been shown to 
have severe enterocolitis,26-28 a finding that under-
scores the pivotal role of interleukin-10 in the 
mediation of signaling that controls inflamma-
tion in the gut. These studies in mice have also 
proffered genes that encode proteins in the inter-
leukin-10–signaling pathway as candidates for 
association with inflammatory bowel disease.

Me thods

Patients

In Family A, the index patient (Patient II-3), who 
was of Turkish origin and born of parents who 
were first-degree cousins, presented at the age of 
3 months with proctitis and abscesses in the peri-
anal region, which required multiple surgical in-
terventions. Protective colostomy was performed 
because of impaired wound healing. Multiple en-
terocutaneous fistulas originating from the small 
intestine required further partial bowel resections 
and ileostomy. In addition, he had early-onset 
cutaneous folliculitis. Recurrent infections such 
as otitis media, bronchitis, and two episodes of 
purulent gonarthritis were potentially linked to 
immunosuppressive therapy. He had normal num-
bers and functioning of T cells and B cells. In-
creased serum levels of IgG (21.8 g per liter; nor-
mal range, 5.2 to 12.9), IgA (7.66 g per liter; 
normal range, 0.47 to 2.1), and IgM (2.98 g per 
liter; normal range, 0.47 to 1.90) were interpreted 
as being associated with chronic ileocolitis. The 
neutrophil function was normal with respect to 
NADPH oxidase activity (data not shown). Histo-
logic analysis of ileal- and colonic-biopsy samples 
that were obtained from the sites of inflamma-
tion showed multifocal ulcerations and agglom-
erations of polymorphic infiltrates (Fig. 1A and 
1B in the Supplementary Appendix, available with 
the full text of this article at NEJM.org). The pa-
tient was treated with a wide spectrum of anti-
inflammatory agents, including corticosteroids, 
methotrexate, thalidomide, and anti–TNF-α mono-
clonal antibodies. None of these therapies induced 
remission or long-term improvement.

In his affected sister, Patient II-4, proctitis and 
rectovaginal fistula developed in the first year of 
life. She had folliculitis, pneumonia, and one 
episode of renal abscess caused by Escherichia coli. 
She underwent several surgical interventions, 
including colonic resection and colostomies. The 
results of the immune workup were normal. The 
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Figure 1. Clinical Phenotype in a Patient with a Deficiency in the Interleukin-10 Receptor.

The index patient in Family B, Patient II-5, had evidence of erosive lesions on colonoscopy, shown in Panel A, and of 
skin folliculitis, shown in Panel B. Panel C shows the patient’s status after ileostomy. Panel D shows the histopatho-
logical findings in a specimen from the colon obtained during resection in the patient, revealing circumscribed ulcerations 
of the mucosa from which pear-shaped intramural abscesses (arrows) extend into the submucosa and muscularis 
propria. Panel E shows a higher magnification of inset 1 in Panel D, revealing intramural microabscesses. Panel F shows 
a higher magnification of inset 2 in Panel D, revealing neighboring mucosa with scarce, superficial lymphoplasmo-
cytic infiltrates without glandular distortion. There is minimal intramural lymphocytic hyperplasia (as seen in the dark 
area just to the left of inset 1 in Panel D) and no thickening of the intestinal wall as a result of fibrosis or granulomas.
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clinical course of the colitis was slightly milder 
in Patient II-4 than it was in her affected brother.

In Family B, the index patient (Patient II-5), 
who was of Lebanese descent, presented in her 
first year of life with severe enterocolitis (Fig. 1A) 
associated with enteric fistulas, perianal abscess-
es, and chronic folliculitis, consistent with a di-
agnosis of Crohn’s disease (Fig. 1B). She required 
multiple surgical interventions, including colec-
tomy and ileostomy (Fig. 1C). The histopatho-
logical analysis of the specimen from the colon 
obtained during resection revealed circumscribed 
ulcerations of the mucosa, from which pear-
shaped intramural abscesses extended into the 
submucosa and muscularis propria (Fig. 1D, 1E, 
and 1F). Inflammatory infiltrates were also seen 
in the small intestine, albeit to a lesser extent. 
Immunologic analyses showed normal numbers 
and function of T cells, B cells, and natural killer 
cells (data not shown). Serum immunoglobulin 
levels were normal or increased. Neutrophil gran-
ulocytes showed regular oxidative burst capacity 
(data not shown). Despite multiple therapies, in-
cluding treatment with corticosteroids and aza-
thioprine and total colectomy, a sustained, long-
term remission could not be achieved.

We also performed studies in six patients with 
an onset of severe colitis during the first year 
of life.

We obtained written informed consent from 
adult patients and from the parents of children 
who participated in the study. In addition, the 
affected children provided their assent. The study 
was approved by the institutional review board 
at each study center (see the Supplementary Ap-
pendix).

Genetic Analyses and Assays of Molecular 
Function

We analyzed the genotypes of each family to look 
for markers or intervals that showed perfect seg-
regation with the disease phenotype. For each 
pedigree, we defined “perfect segregation” as 
meaning that the affected child or children in 
each family had the same homozygous genotype 
or haplotype. In addition, if both parents were 
heterozygous, then the unaffected children each 
needed to have at least one genotype or one hap-
lotype that differed from those of the affected 
sibling or siblings.

Once we had identified perfectly segregating 
intervals, we chose genes therein to sequence for 

mutations on the basis of previous studies of 
the genes. We then performed gene-specific and 
protein-specific assays to determine the function-
al effects of the identified mutations on interleu-
kin-10 signaling. The functional experiments in-
cluded the transduction of cell lines and mutant 
cells with retroviral vectors encoding wild-type 
IL10RA and IL10RB complementary DNA, respec-
tively, to show that the defect in interleukin-10 
signaling was corrected by replacing the mutant 
interleukin receptor with a normal receptor. For 
more details on the genetic analyses and assays 
of molecular function, see the Supplementary 
Appendix.

R esult s

Genetic Analyses

We genotyped 253 microsatellite markers that 
spanned all 22 autosomes in members of Fam-
ily A (Fig. 2A). Five markers showed perfect segre-
gation with phenotype (corresponding to a loga-
rithm of the odds [LOD] score of approximately 
2.0) and were located on chromosomes 2, 7, 14, 
19, and 21. Fine mapping with additional micro-
satellites showed that three of these markers were 
within intervals that perfectly segregated with 
disease phenotype and that spanned multiple 
megabases. Table S1 in the Supplementary Ap-
pendix summarizes the extent of these intervals; 
the minimal interval was defined by the two 
most distant flanking, perfectly segregating 
markers, and the maximal interval was defined 
by extending, in each direction, to the first mark-
er that did not perfectly segregate with disease 
phenotype. Genes that were located within these 
intervals and the genes we sequenced (one gene 
on chromosome 7 and four genes on chromo-
some 21) are listed in Table S2 in the Supplemen-
tary Appendix.

We focused on the chromosome 21 interval, 
since it contained more genes than the other two 
intervals combined and more functional candidate 
genes, including a family of interferon-related 
genes. We used all suitably positioned microsatel-
lite markers on the Marshfield29 and deCode30 
maps to reduce the uncertainty of the region 
most distal to the upper telomere to approxi-
mately 350 kb (Fig. 2A). The candidate gene, 
IL10RB, was the first gene (starting at 33.56 Mb) 
that was below and close to the perfect marker 
D21S1898. IL10RB is the only one of four consecu-
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tive immune-related genes (including the better-
positioned IFNAR2) with an orthologous gene 
in the mouse that when “knocked out” results in 
colitis.28

We sequenced IL10RB and identified a homo-
zygous point mutation in exon 4 in both affect-
ed siblings, resulting in a premature stop codon 
(c.G477A, p.Trp159X) (Fig. 2A in the Supplemen-
tary Appendix). Both healthy parents and the two 

healthy siblings carried a single heterozygous 
mutation (W159X) in IL10RB  (data not shown). 
This mutation was absent in 180 unaffected Ger-
man subjects of European descent, in 70 unaffect-
ed subjects of Turkish ancestry, and in 30 sub jects 
of Iranian ancestry. We sequenced IL10RB in 90 
patients with adult-onset inflammatory bowel 
disease: 45 patients with Crohn’s disease and 45 
with ulcerative colitis. None of the unaffected 
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Figure 2. Haplotypes in Families A and B.

Panel A shows the pedigree of consanguineous Family A, which had two children with early-onset inflammatory bowel 
disease (Patients II-3 and II-4) and allelic segregation on chromosome 21q. Panel B shows the pedigree of a second 
consanguineous family, Family B, which had one affected child (Patient II-5) and allelic segregation on chromosome 
11q. Squares indicate male family members, and circles female family members. Shading indicates the series of homozy-
gous markers in the affected patients.
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subjects or the patients with adult-onset inflam-
matory bowel disease carried the mutation or any 
other sequence variations.

We used single-nucleotide–polymorphism ar-
rays (Affymetrix) to map homozygous regions 
segregating with disease in Family B (in which 
the parents were second-degree cousins) (Fig. 2B). 
We identified eight regions larger than 1 Mb that 
were homozygous (with respect to haplotype) in 
the index patient and that “housed” in each un-
affected family member a haplotype that was not 
present in the patient (Table S3 in the Supple-
mentary Appendix). These regions yielded a peak 
LOD score of 2.5 (see the Supplementary Appen-
dix). We observed that IL10RA was located in one 
of these regions (on chromosome 11q) and iden-
tified a homozygous missense mutation in exon 4 
(c.G421A, p.Gly141Arg) in the index patient (Fig. 
2B in the Supplementary Appendix). All the other 
members of Family B carried at least one IL10RA 
wild-type allele and did not have any inflamma-
tory bowel disease. The mutation was absent in 
100 unaffected Arabic subjects and 30 unaffected 
Iranian subjects.

We sequenced IL10RA and IL10RB in six addi-
tional patients who had an onset of severe colitis 
in the first year of life and identified a homo-
zygous missense mutation in exon 3 of IL10RA 
(c.C325T, p.Thr84Ile) in one German patient of 
European ancestry (Fig. 2C in the Supplemen-
tary Appendix). This patient, who was 8 months 
of age, had received a diagnosis of severe pancoli-
tis at the age of 3 months (Fig. 2D, 2E, and 2F in 
the Supplementary Appendix). This mutation was 
absent in 100 healthy white subjects of European 
ancestry. Furthermore, we observed no mutations 
in either IL10RA or IL10RB in 32 children with 
inflammatory bowel disease who had an onset 
of symptoms at more than 12 months of age.

Effects of Mutations on Interleukin-10–
Receptor Pathway Functions

We studied the functional effects of the implicat-
ed mutations. Fluorescence-activated cell sorting 
(FACS) analysis disclosed no expression of IL10R2 
in Epstein–Barr virus (EBV)–transformed B cells 
obtained from Patient II-3 in Family A, who car-
ried the homozygous W159X mutation in IL10RB, 
in contrast to robust IL10R2 expression in cells 
from an unaffected subject (Fig. 3A).31 Figure 3B 
shows the localization of the W159X mutation in 
the IL10R2 protein.

When interleukin-10 binds to its receptor, it 
signals predominantly through STAT3 to mediate 
its antiinflammatory effects.25,32 To examine the 
integrity of this pathway, we stimulated periph-
eral-blood mononuclear cells (PBMCs) or EBV-
transformed B cells from Patient II-3 in Family A 

Figure 3 (facing page). Structure and Functional  
Analysis of Mutations in the Interleukin-10 Receptor  
in Two Patients.

Panel A shows a representative analysis by fluores-
cence-activated cell sorting (FACS) that illustrates the 
lack of expression of IL10R2 protein in the index patient 
in Family A (Patient II-3), who carried an IL10RB W159X 
mutation. An isotype control sample is indicated by gray 
shading, a sample from a control subject by a blue line, 
and the sample from Patient II-3 by a red line. Panel B 
shows a schematic drawing of the IL10R2 protein, indi-
cating known protein domains and localization of the 
nonsense W159X mutation, as compared with a wild-
type sample. ECD denotes extracellular domain, ICD 
intracellular domain, SP signaling peptide, and TMD 
transmembrane domain. Panel C shows defective STAT3 
(signal transducer and activator of transcription 3) 
phosphorylation (p-STAT3) at the residue tyrosine 705 
on stimulation with interleukin-10 in peripheral-blood 
mononuclear cells (PBMCs) from Patient II-3, as com-
pared with intact phosphorylation in a control sample. 
Panel D shows the reconstitution of STAT3 phosphory-
lation on transduction of cell lines from Patient II-3, 
with a lentiviral vector encoding wild-type (WT) IL10R2. 
Panel E shows normal expression levels of IL10R1 on 
FACS analysis in the index patient in Family B (Patient 
II-5), who carried an IL10RA G141R mutation. An iso-
type control sample is indicated by gray shading, a 
sample from a control subject by a blue line, and the 
sample from Patient II-5 by a red line. Panel F shows a 
structural model of wild-type IL10R1. Residues Leu132, 
Glu133, Ile139, Gly141, Lys142, and Phe190 are labeled. 
Also shown are nearby residues that participate with 
Gly141 or its neighbors in a beta-sheet conformation. 
The residues that are illustrated are those that are re-
ported to have contact with Gly141 in wild-type IL10R1 
(according to RankViaContact31) or with Arg141 in the 
G141R mutation and that lie within 6 Å. Panel G shows 
a structural model of the G141R mutation in IL10R1 
(from Protein Data Bank structure 1Y6K, chain R). Puta-
tive hydrogen bonds are shown as green dashed lines 
in Panels F and G, and steric clashes are shown as pur-
ple dashed lines in Panel G. Panel H shows a Western 
blot analysis of STAT3 in PBMCs from Patient II-5 after 
stimulation for various periods with interleukin-10, as 
compared with a control sample. Panel I shows a West-
ern blot analysis of phosphorylation of STAT3 at tyro-
sine 705 in interleukin-10–stimulated HeLa cells that 
were retrovirally transduced with wild-type IL10R2 along 
with either wild-type IL10R1 or IL10R1 with mutant 
G141R. Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used as a control for the experiments in 
Panels C, D, H, and I.
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and those from an unaffected subject with inter-
leukin-10 and assessed them for STAT3 phos-
phorylation at tyrosine 705, using Western blot 
analysis. Interleukin-10 induced STAT3 phospho-
rylation at tyrosine 705 in wild-type IL10R2 cells 
but not in cells with the W159X mutation (Fig. 
3C, and Fig. 1C in the Supplementary Appendix). 
To reconstitute the function of IL10R, which has 
both IL10R1 and IL10R2 subunits, we analyzed 
EBV-transformed B cells from Patient II-3 in Fam-
ily A that were transduced either with a lentiviral 
vector encoding IL10R2 along with green fluores-
cent protein (GFP) as a marker gene or with a 
control vector encoding GFP only (Fig. 1D in the 
Supplementary Appendix). In contrast to IL10R2-
negative cells, IL10R2-reconstituted cells showed 
intact STAT3 phosphorylation at tyrosine 705 (Fig. 
3D, and Fig. 1E in the Supplementary Appendix). 
We concluded that the W159X mutation abrogat-
ed the phosphorylation of STAT3 mediated by 
interleukin-10.

The mutations we observed in IL10RA were 
missense variants; analyses with the use of FACS 
and Western blot analysis indicated that the 
G141R mutation in the IL10R1 protein was ex-
pressed at levels similar to those in control cells 
(Fig. 3E, and Fig. 2G in the Supplementary Ap-
pendix). When interleukin-10 binds to the cell 
surface, it first interacts with IL10R1 and subse-
quently binds IL10R2. We used a structure of the 
intermediate interleukin-10–IL10R1 state (identi-
fier 1Y6K in the Protein Data Bank) to model 
possible effects of missense changes,33 using 
computer algorithms34,35 (for details, see the 
Supplementary Appendix). We concluded that the 
IL10R1 G141R mutation, which was localized in 
a region binding to interleukin-10,36 probably has 
a substantial effect on the structure of the inter-
leukin-10–receptor complex (Fig. 3F and 3G). 
The IL10R1 T84I variant was similarly predicted 
to be deleterious on the basis of computer model-
ing and because threonine 84 is highly conserved 
in homologous proteins (Fig. 2H and 2I in the 
Supplementary Appendix).

To assess the functional capacity of the inter-
leukin-10 receptor, we stimulated PBMCs from 
Patient II-5 in Family B and those from an unaf-
fected subject with recombinant human interleu-
kin-10 and then measured the extent of phos-
phorylation of STAT3 at tyrosine 705 and serine 
727. As expected, phosphorylation of STAT3 was 
abrogated at tyrosine 705 but was unaffected at 

serine 727 in the cells from the patient, as com-
pared with those from the control subject (Fig. 
3H). To validate these findings, we coexpressed 
either wild-type IL10R1 protein or that with the 
G141R mutation, along with wild-type IL10R2, in 
IL10R-negative HeLa cells. Coexpression of wild-
type IL10R1 and wild-type IL10R2 resulted in 
STAT3 phosphorylation on interleukin-10 signal-
ing. In contrast, coexpression of mutant IL10R1 
G141R and wild-type IL10R2 did not result in 
STAT3 phosphorylation on exposure to interleu-
kin-10 (Fig. 3I).

Effects on Interleukin-10 Signaling

Interleukin-10 is a pleiotropic cytokine with effects 
on T cells, B cells, monocytes, and other cell 
types.16 We hypothesized that the pathophysiol-

Figure 4 (facing page). Defective Down-Regulation  
of Proinflammatory Cytokines Mediated by Inter- 
leukin-10 in Mononuclear Cells with a Mutation  
in the Interleukin-10 Receptor.

Panel A shows defective inhibition of the release of tu-
mor necrosis factor α (TNF-α) by costimulation with 
interleukin-10 in lipopolysaccharide (LPS)–stimulated 
macrophages from the index patient in Family A (Pa-
tient II-3), as compared with the mean value from 
samples obtained from five control subjects, as mea-
sured by enzyme-linked immunosorbent assay (ELISA). 
Panel B shows a similar ELISA measuring TNF-α se-
cretion in LPS-stimulated peripheral-blood mononu-
clear cells (PBMCs) from the index patient in Family B 
(Patient II-5) and three control subjects. Panel C 
shows defective interleukin-10–mediated suppression 
of TNF-α  secretion in LPS-stimulated cells from Pa-
tient II-5 in Family B. Panel D shows increased secre-
tion of proinflammatory cytokines upon stimulation  
of cells with LPS in Patient II-5, as compared with a 
healthy control subject. These cytokines include MIP-
1α and MIP-1β (macrophage inflammatory proteins 
1α and 1β), MCP1 (monocyte chemoattractant pro-
tein), and RANTES (regulated on activation, normal  
T expressed and secreted protein). Panel E shows the 
abrogated effect of interleukin-10 on the release of 
proinflammatory cytokines in cells from the patient 
that were costimulated with LPS and interleukin-10,  
as compared with a healthy control subject. Cells from 
Patient II-5 show increased secretion of inflammatory 
cyto kines, which could not be counteracted by costim-
ulation with exogenous interleukin-10. Panel F shows 
defective interleukin-10–mediated induction of messen-
ger RNA expression in the suppressor of cytokine sig-
naling 3 gene (SOCS3) in Patient II-3 in Family A; in-
duction was more than four times as great in a control 
sample. Expression levels were measured relative to 
β-actin as a housekeeping gene. The I bars indicate 
standard errors.
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ogy of a deficiency in the interleukin-10 receptor 
involves undue and prolonged activation of mono-
nuclear cells on exposure to bacterial particles, 
resulting in an augmented efflux of inflamma-
tory cytokines (e.g., TNF-α) and damage to the 

intestinal mucosa. To test this idea, we analyzed 
TNF-α secretion of monocytes and monocyte-
derived macrophages on exposure to lipopolysac-
charide (LPS) or LPS plus interleukin-10 in sam-
ples from Patient II-3 in Family A, Patient II-5 in 
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Family B, the unrelated patient who was homozy-
gous for the T84I mutation, and five control sub-
jects. Interleukin-10 substantially reduced the re-
lease of TNF-α in cells from the control subjects. 
This inhibitory effect was absent in cells from 
Patient II-3, who carried the IL10RB W159X muta-
tion (Fig. 4A); Patient II-5, who carried the IL10RA 
G141R mutation (Fig. 4B and 4C); and the unre-
lated additional patient, who carried the IL10RA 
T84I mutation (Fig. 2K in the Supplementary Ap-
pendix).

To assess whether LPS induced sustained se-
cretion of other proinflammatory cytokines in 
IL10R1-deficient PBMCs, we used protein array 
analysis to measure supernatants of LPS-stimu-
lated PBMCs. As compared with control cells, 
the cells carrying the IL10RA G141R mutation 
secreted increased levels of TNF-α; TGF-β1; in-
terleukin-1α, -1β, -2, and -6; soluble receptor of 
interleukin-6; RANTES (regulated on activation, 
normal T expressed and secreted protein); MCP1 
(monocyte chemoattractant protein 1); and MIP-
1α and MIP-1β (macrophage inflammatory pro-
teins 1α and 1β). None of these proteins were 
down-regulated by interleukin-10 (Fig. 4D and 4E, 
and Fig. 3A and 3B in the Supplementary Ap-
pendix). Similar results were seen in PBMCs from 
the patient with the IL10R1 T84I mutation (Fig. 
3C to 3F in the Supplementary Appendix).

Suppressor of cytokine signaling 3 (SOCS3) is a 
downstream target gene of STAT3 that is induced 
by interleukin-10.25,31 We exposed PBMCs from 
Patient II-3 in Family A and from a healthy con-
trol subject to interleukin-10 and then assayed the 
messenger RNA (mRNA) expression of SOCS3, us-
ing a real-time polymerase-chain-reaction assay. 
PBMCs from the control subject showed an in-
crease in the up-regulation of SOCS3 mRNA by a 
factor of four, as compared with that in unstimu-
lated control cells. In contrast, SOCS3 mRNA 
levels in PBMCs from Patient II-3 did not change 
after incubation with interleukin-10, indicating a 
lack of interleukin-10 signaling (Fig. 4F).

Allogeneic Stem-Cell Transplantation

Bone marrow transplantation ameliorates disease 
in mice with colitis and interleukin-10 deficien-
cy.37 In view of our discovery that a nonsense 
mutation in the IL10RB gene is probably the ge-
netic cause of inflammatory bowel disease in the 
affected patients in Family A and given the sever-
ity of their disease, we considered allogeneic he-

matopoietic stem-cell transplantation as treatment. 
Patient II-3 had an unaffected, HLA-matched 
sibling who could serve as the donor for such 
transplantation. After written informed consent 
was obtained, the patient underwent condition-
ing with the use of alemtuzumab (1 mg per kilo-
gram of body weight), fludarabine (180 mg per 
square meter of body-surface area), treosulfan 
(42 mg per square meter), and thiotepa (10 mg per 
kilogram). Strict gut decolonization was per-
formed with the use of colistin and total paren-
teral nutrition during the peritransplantation pe-
riod. Engraftment of donor cells was documented 
13 days after transplantation. Grade III skin graft-
versus-host disease subsequently developed, for 
which prednisone was administered. More than 
a year after transplantation, full chimerism without 
evidence of graft-versus-host disease was docu-
mented; no further adverse side effects were re-
ported as of October 2009. Both cutaneous folli-
culitis and inflammatory anal fistulas resolved 
shortly after transplantation (Fig. 5A and 5B). The 
patient has remained in continuous remission from 
ileocolitis more than a year after stem-cell trans-
plantation. He gained weight and had no further 
episodes of intestinal pseudo-obstruction.

Discussion

We have shown that loss-of-function mutations in 
either IL10RA or IL10RB can be found in children 
with severe, early-onset enterocolitis, findings 
that are consistent with the idea that a lack of 
negative-feedback signaling mediated by interleu-
kin-10 perturbs homeostasis of the intestinal im-
mune system. Since IL10R1 is expressed on many 
cells of the innate and adaptive immune system, 
further studies are needed to determine which 
types of cells are primarily responsible for the 
altered intestinal immunity. In contrast, IL10R2 
is expressed not only on cells of the immune sys-
tem but also on a wide range of nonimmune 
cells, such as epithelial cells and keratinocytes.38 
Because IL10R2 is a component of the receptors 
for interleukin-10, -22, -26, -28A, -28B, and -29,38,39 
defective signaling of any of these cytokines as a 
result of IL10R2 deficiency may have additive or 
synergistic effects. The presence of severe in-
flammatory bowel disease is the most prominent 
phenotype in patients with IL10R1 or IL10R2 de-
ficiency. We therefore infer that a lack of inter-
leukin-10 signaling is the principal malfunction 
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and is a likely cause of inflammatory bowel dis-
ease in patients with IL10R2 deficiency. Never-
theless, interleukin-22 and interleukin-26 regu-
late immunity in the skin,40,41 suggesting that 
chronic folliculitis in IL10R2-deficient patients 
may be caused by irregular or diminished signal-
ing by either interleukin-22 or interleukin-26.

Our findings are consistent with those regard-
ing severe colitis in mice lacking either Il10 or 
Il10rb.27,28 Expression of the murine gene encod-
ing interleukin-22 in the appropriate cell types 
provides protection against colitis and is associ-
ated with the resolution of colitis in two distinct 
murine models,42,43 suggesting that some IL10R2-
related functions may be independent of inter-
leukin-10. Moreover, interleukin-22 induces the 
antimicrobial proteins REGIIIβ and REGIIIγ and 
enhances mucus production in colonic epithelial 
cells, thereby maintaining the epithelial barrier 
function and preventing bacterial infections.42,44

We speculate that in the absence of an inter-
leukin-10–mediated antiinflammatory response, 
the presence of intestinal commensal bacteria 
leads to activation of a fulminant immune re-
sponse, resulting in a hyperinflammatory re-
sponse with associated tissue damage. This may 
facilitate increased transmigration of intestinal 
bacteria and result in chronic intestinal lymph-
adenopathy or even organ-related abscesses.

Our limited search for mutations in IL10RA 
and IL10RB in patients with inflammatory bowel 
disease indicated that loss-of-function mutations 
may be confined to very severe cases with an 
onset in infancy. A polymorphism in IL10 has 
been associated with the risk of colitis in a 
genomewide association study,11 and this find-
ing has been replicated,45 suggesting that milder 
genetic variants affecting interleukin-10–depen-
dent pathways may be involved in the pathophys-
iology of inflammatory bowel disease.

Our study provides an example of the power 
of molecular medicine to go from the bedside 
(for diagnosis) to the bench (for the discovery of 
mutations) and back to the bedside (for treat-
ment). Because no conventional therapeutic ap-

proach was successful in our patients and given 
the role of interleukin-10 signaling in cells of the 
hematopoietic system, we attempted a curative ap-
proach by means of allogeneic stem-cell transplan-
tation, which would have been ethically difficult 
to justify without knowledge of the monogenic 
cause. The sustained remission after stem-cell 
transplantation in the patient suggests that inter-

16p6

A

B

AUTHOR

FIGURE

JOB: ISSUE:

4-C
H/T

RETAKE 1st

2nd

SIZE

ICM

CASE

EMail Line
H/T
Combo

Revised

AUTHOR, PLEASE NOTE:
 Figure has been redrawn and type has been reset.

Please check carefully.

REG F

FILL

TITLE
3rd

Enon ARTIST:

Glocker

  5a&b

11-19-09

mst

36121

Figure 5. Success of Allogeneic Hematopoietic Stem-Cell 
Transplantation.

In Patient II-3 from Family A, who had severe anocuta-
neous fistulas that were resistant to therapy (Panel A), 
allogeneic stem-cell transplantation resulted in clinical 
amelioration of all effects of disease (Panel B).
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leukin-10 signaling in hematopoietic cells rather 
than signaling through a pathway associated with 
interleukin-22, interleukin-26, or interferon-λ in 
nonhematopoietic cells was critical for the ther-
apeutic effect.

In summary, mutations in the genes encoding 
the two polypeptide chains of the interleukin-10 
receptor abrogate interleukin-10–mediated immu-
nomodulatory signaling and are strongly associ-
ated with hyperinflammation of the intestine.
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